Abstract. The aim of the study was to determine changes in water quality, including chemistry of outflow from two rivers: Łutownia and Perebel located in the Białowieża Primeval Forest.
Introduction
It is believed that water conditions are amongst the most important factors shaping the ecosystem of the Białowieża Forest and determining its condition and durability. This applies to both the quantity and the quality of water. Water resources in the forest are steadily diminishing, and one of the main reasons for this phenomenon is the increase in air temperature. Consequently, ground water is at lower levels, streams and small water reservoirs are drying up, soils have less moisture and organic matter is mineralising. It was already pointed out several years ago that the trend of drying habitats poses a threat to the sustainability of the ecosystems in the Białowieża National Park (BNP).
The research conducted in [2009] [2010] showed that the water quality in the rivers and reservoirs of the BNP and the groundwater need to be improved (Pierzgalski et al. 2010) . The water quality in the Narewka, the largest river in the BNP, is defined as 'bad' by the standards of the Water Framework Directive of the European Union, and poor water quality is a particularly serious threat to the functioning of aquatic ecosystems.
Research was also carried out in the Białowieża Forest on the sources contributing to the chemical composition of the Narewka River to identify them, assess the intensity of their impact and classify them (Miniuk 1998; Skorbiłowicz et al. 2008) . A zone that negatively affects the water chemistry of the Narewka was defined, which included the town of Białowieża, Białowieża Forest and agricultural areas (down river, outside of the Białowieża Forest). It has been shown that the river's water quality is affected by peat marsh areas, which emit some forms of nitrogen (ammoniacal and nitrite nitrogen) as a result of the mineralisation of soil formations.
The aim of the research performed during the period of 2011-2014 was to determine the changes in the quality and diversity of the chemistry of the water flowing in the two rivers-the Łutownia and Perebel -in the Białowieża Forest (Malzahn et al. 2015) .
Study subjects
The river basins of the Łutownia and Perebel differ in terms of forest cover and types of forest habitats occurring within their borders (Table 1) . The Łutownia River is a left-bank tributary of the Narewka River, which flows into the Narew. The Łutownia has several tributaries, most of which periodically dry up. Two tributaries, Krynica and oRIgINAL RESEARch ARTIcLE Dubitka, flow throughout the year. The catchment area of the Łutownia has a high degree of forest cover -92%. The villages of Teremiski and Buda in a mid-forest clearing and agricultural fields and pasture in the north-western part of the basin form the non-forested area of the basin. The Perebel River is a right-bank tributary of the Leśna Prawa River and, through the Bug River, is also part of the Narew River Basin. The forest cover of the basin is 66%. Non-forest land is located in the upper part of the catchment, mostly consisting of the rural villages of Długi Bród, Zabagonie, Piaski and Witowo. Coniferous forest habitats dominate in the Perebel River Basin, which were partially drained in the past. In 2005, several small weirs were built in its riverbed to slow down the outflow of water from the catchment area. The Perebel is an important source of water for the Topiło Reservoir.
Materials and research methods
Water samples to assess water quality were collected on a quarterly basis in the hydrological years of 2011-2014 at two fixed locations (next to water gauges):
• from the Łutownia River at the Pogorzelce profile,
• from the Perebel River at the Topiło profile.
Analyses of the physicochemical properties of water samples were performed at the Laboratory of Natural Environmental Chemistry of the Forest Research Institute. The scope of the analysis, research methods and applicable standards and procedures were as follows:
• ph level -potentiometric method (PN-c-04642-7:1999) • concentration of dissolved organic carbon (DOC) -infrared spectrophotometry (PN-EN 1484 :1999 ,
• concentration of total nitrogen bound (TNb) -chemiluminescence method (PN-EN 12260: 2004) .
The results of the analysis of river water were compared to the limits established in the 'Regulation of the Minister of the Environment of 22 October 2014 on the method of classifying the status of the surface water of a body of water and environmental quality standards for priority substances' 
Results and discussion
The results of the analysis of water taken from the rivers are presented in Tables 2 and 3 . Amongst the physicochemical elements tested that had limits set for water quality in subsequent regulations on the status of the surface water of a water body were ph, Ec and concentrations of So 4 , Cl, ca, Mg, N-Nh 4 , N-No 3 . DOC was also analysed, and its level was compared to permissible concentrations of total organic carbon (TOC). Amongst the indicators characterising oxygen conditions and organic pollution, the regulation defines limits only for Toc. The obtained Doc results can be compared to the limit values of TOC, keeping in mind that according to data in the literature, the amount of TOC is mostly made up of DOC, whilst only a small part is suspended organic carbon.
In addition, amongst the water quality indicators studied from the group of particularly harmful substances to the aquatic environment were the concentrations of Zn, cu and Al, and from the chemical indicators of water quality were the concentrations of cd and Pb. Throughout the study period, the ph values of the water ranged between 7 and 8.5 (class I water quality). only one sample taken from the Łutownia River in the first quarter of 2013 had a ph higher than 9.0, which is above the limit for class II quality (the Regulation's limits for classes III-V have not been set). The EC of water in the two rivers was within 150-450 μS·cm −1 , which is much lower than the limit values for class I water quality (1,000 μS·cm −1
). Similarly, concentrations of sulphate and chloride ions in the waters of the two rivers were far below the limits for class I water quality.
The maximum concentration of sulphates was observed in water from the Perebel River -35 mg·dm −3 (allowable limit of 150 mg·dm −3
). The highest concentration of chloride, 9 mg·dm −3 , was confirmed in the Łutownia River (allowable limit of 200 mg·dm
−3
). The concentration of calcium in both rivers was similar: 30-80 mg·dm −3 , with a limit of 100 mg·dm −3 for class I water quality. Magnesium concentrations were generally higher in the water of the Łutownia River, but measurements for both rivers throughout the study period did not exceed 11 mg·dm −3
, at an allowable limit of 50 mg·dm -3 . The concentration of ammonium nitrogen and nitrate nitrogen also did not lower the quality of the water in the rivers. The maximum concentration of ammonium nitrogen was found in the second quarter of 2014 in the Perebel ). The highest concentrations of nitrate nitrogen in the waters of both rivers occurred in the first quarter of 2013, but they were significantly below the limit of 2.2 mg·dm −3
. Also, the concentrations of aluminium, zinc, copper and cadmium did not generally exceed the limits that would result in a lower assessment of water quality.
The factor deteriorating the water quality of the two rivers was the concentration of Doc, most of which exceeded the limit of 15 mg·dm −3 (the allowable limit of TOC for class I water quality in streams in natural areas is influenced by peat-forming processes) and, many cases, the limit of 20 mg·dm −3 (the analogous limit for class II water quality). Approximately half of the samples taken from the Perebel River and one-third of the samples taken from the Łutownia River had Doc concentrations in the range of 20-65 mg·dm In comparing the water chemistry of both streams, we can see that the water of the Perebel River was slightly less alkaline than the Łutownia River's water (average ph was lower by 0.38). At the same time, with small differences in EC (approximately 10%) indicating total water mineralisation, the water from the Perebel River Basin has much higher ion concentrations of phosphate (873%), iron (451%), ammonium (349%), cadmium (238%), aluminium (228%), manganese (217%) and Doc (150%) and somewhat higher concentrations of total nitrogen (138%), sulphate (133%) and chloride ions (120%). The water leaving the Łutownia River Basin has clearly higher concentrations of magnesium (174%), copper (173%), nitrates (133%), potassium (131%) and zinc (118%). organic nitrogen is the difference between TNb and the amount of mineral forms of nitrogen (N min ), in this case, nitrate nitrogen and ammonium nitrogen. In the equation, it was assumed that the nitrogen in the form of nitrite nitrogen was not present or its concentration was so small that it could be bypassed. This assumption is correct if the water quality has not significantly deteriorated since the tests performed in the spring of 2010 in the Białowieża Forest for the Narewka and several of its tributaries. In these studies, the chemical analyses carried out at 11 measuring sites showed no presence of nitrite nitrogen (Pierzgalski et al. 2010) . The concentration of organic nitrogen (N org ) was calculated using the following formulas:
(when N No2 = 0), where N org is the organic nitrogen, TNb is the total nitrogen bound, N min is the mineral nitrogen, N No3 is the nitrate nitrogen, N Nh4 is the ammonium nitrogen, N No2 is the nitrite nitrogen.
The calculated concentration of organic nitrogen was significant, and its amount is depicted in Figures 1 and 2 . The concentration of N org in the water of the Łutownia River was in the range 0.31-1.62 mg·dm −3 and in the Perebel River 0.24-2.62 mg·dm . The organic form of nitrogen dominated for all dates.
After analysing all of the tested physicochemical indicators, most do not show any trends of change or clear sea- (Figures 3 and 4) . On the basis of the calculations, it can also be stated that the concentration of organic nitrogen is decreasing and the concentration of mineral nitrogen is increasing in both the rivers. In all cases, the changes are occurring more quickly in the water of the Perebel River (the absolute values of coefficients of skewness trend lines are larger), in a catchment area that has over 30% coniferous habitats, and also more than 30% non-forested land. Although the concentration of Doc in the two rivers is significant, it should be noted that this carbon is derived from natural sources and its concentration does not exceed that found in the other, clean rivers of the Białowieża Forest (Pierzgalski et al. 2010; Malzahn et al. 2014) . The DOC found in natural waters is made up of about 90% of a complex mixture of humus compounds, star- ting with short chain molecule acids to large particles of humic substances (Moore et al. 2003) . The formation and movement of DOC in soils is an important process of the transformation of soil organic matter and the carbon cycle between ecosystems. An important source of DOC in river water is peat soil. An increase in the concentration of DOC in surface waters has been observed in both Europe and North America for decades (Sapek 2009 ), which was not confirmed, however, in this four-year study, perhaps because of a too short period of research.
Of importance to the interpretations made above is the fact that about 20% of the Białowieża Forest has hydrogenic soils. They constitute a separate group of soils in which the bulk of the matter is made up of organic substances, and the joining of humus and minerals resulting from changes in hydrological conditions influences the transformation process of these soils. As a result of dehydration, the organic matter undergoes rapid biological oxidation; its amount gradually decreases and its mineral content increases (Pastuszko 2007) . Pawluczuk and gotkiewicz (2003) , in studying the peat marsh soils of late-glacial areas in the northeast of Poland, demonstrated that the mineralisation of organic nitrogen compounds varies depending on habitat conditions, especially humidity and the methods by which water is supplied. They showed that in the desiccated soil of outwash plains, mineralisation can be quite extensive, whilst at the same study site, this process was inhibited in heavily moistened soils.
Research in the Biebrza River Valley showed that the wetlands surrounding the river are the main source of the significant quantities of organic nitrogen present in it, with the largest concentrations occurring in the summer. Organic nitrogen enters the river as the main component of organic matter washed out from layers of peat, which also contains organic phosphorus and carbon (Bielak 2009) .
A similar phenomenon is probably occurring in the Białowieża Forest, as studies have found a significant positive correlation between the concentrations of organic carbon and organic nitrogen in the water of both rivers (Figures 5 and 6 ). The climatic conditions of recent years -increased temperatures, droughts and irregular rainfall -are of key significance in the Białowieża Forest for the concentration levels (and changes thereof) of organic carbon and various forms of nitrogen. In this area, after more than 20 unfavourable years, optimal thermal and moisture conditions for the environment of the forest were noted only in -2013 (Malzahn et al. 2014 . The increasing intensity of the mineralisation of nitrogen compounds in soils observed in recent years may be an indication of the currently observed effects of climate change on this process (Sapek 2006 ). This is confirmed by studies showing that an excessive lowering of the groundwater table increases the intensity of mineralisation as well as the thickness of the layers in which this process is occurring (Turbiak, Miatkowski 2003) . This results in the release of amounts of nitrogen that exceed the requirements of plants, with this surplus eluted from the soil and dispersed in the environment.
Conclusions
• The variability of specific chemical characteristics of surface water differed. The coefficients of variation ranged from 21% for concentrations of calcium in the water of the Perebel River to 267% for phosphate concentrations in the water of the Łutownia River.
• In 2011-2014, the water quality of the Łutownia River was determined to be class I and III, whilst the quality of the Perebel River was class II and III because of high concentrations of organic forms of carbon and nitrogen.
• The lower quality of the water in the rivers was impacted by the leaching of large amounts of organic matter from the soil.
• The gradual decline in the concentrations of organic nitrogen, with a simultaneous increase in the concentration of mineral nitrogen (especially in the Perebel River water), testifies to the intensification of the mineralisation of organic matter in the soils of this river basin.
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